DNA methylation patterns are established in early embryogenesis and are critical for cellular differentiation. To investigate the role of CG methylation in potential enhancer formation, we assessed H3K4me1 modification in murine embryonic fibroblasts (MEFs) derived from the DNA methylation mutant Lsh −/− mice. We report here de novo formation of putative enhancer elements at CG hypomethylated sites that can be dynamically altered. We found a subset of differentially enriched H3K4me1 regions clustered at neuronal lineage genes and overlapping with known cis-regulatory elements present in brain tissue. C ytosine methylation is an epigenetic mechanism conserved among diverse eukaryotes whereby a family of conserved DNA methyltransferases (DNMTs) is responsible for cytosine methylation at cytosine-phosphate-guanosine (CpG) sites. Deletion of DNMTs in mammals alters DNA methylation patterns and results in early embryonic lethality, indicating a critical role of DNMTs in development (1). Genome-wide methylation changes have been reported after deletion of Uhfr1, a hemimethylation binding protein supporting maintenance of DNA methylation, and after deletion of Lsh (2-4). Lsh and the Arabidopsis thaliana homolog DDM1 belong to the SNF2 family of chromatin remodeling proteins, and DDM1 can cause nucleosomal sliding in vitro (5).
DNA methylation patterns are established in early embryogenesis and are critical for cellular differentiation. To investigate the role of CG methylation in potential enhancer formation, we assessed H3K4me1 modification in murine embryonic fibroblasts (MEFs) derived from the DNA methylation mutant Lsh −/− mice. We report here de novo formation of putative enhancer elements at CG hypomethylated sites that can be dynamically altered. We found a subset of differentially enriched H3K4me1 regions clustered at neuronal lineage genes and overlapping with known cis-regulatory elements present in brain tissue. Reprogramming of Lsh C ytosine methylation is an epigenetic mechanism conserved among diverse eukaryotes whereby a family of conserved DNA methyltransferases (DNMTs) is responsible for cytosine methylation at cytosine-phosphate-guanosine (CpG) sites. Deletion of DNMTs in mammals alters DNA methylation patterns and results in early embryonic lethality, indicating a critical role of DNMTs in development (1) . Genome-wide methylation changes have been reported after deletion of Uhfr1, a hemimethylation binding protein supporting maintenance of DNA methylation, and after deletion of Lsh (2) (3) (4) . Lsh and the Arabidopsis thaliana homolog DDM1 belong to the SNF2 family of chromatin remodeling proteins, and DDM1 can cause nucleosomal sliding in vitro (5) .
Nucleosome templates provide limited access to DNMTs, and the addition of SNF2 proteins can improve de novo methylation in vitro (6) . DDM1 mutants show reduced cytosine methylation at genomic regions rich in the linker histone H1, suggesting that the chromatin remodeling activity of DDM1 promotes access to densely packaged chromatin (7) .
Deletion of Lsh in mice is perinatally lethal, indicating that Lsh is not a redundant SNF2 family member and plays a critical role in murine development (8, 9) . Lsh promotes de novo methylation of exogenous retroviral sequences and endogenous genomic loci, including stem cell-associated genes (10, 11) . Lsh can interact with DNMT3b in vitro and supports the association of DNMT3b to some genomic targets. In addition, deletion of Lsh alters genomewide cytosine methylation pattern, suggesting a regulatory role for Lsh in the establishment of DNA methylation (3, 4, 12, 13) .
DNA methylation patterns are highly dynamic and undergo large transitions during germ cell development, early embryogenesis, and reprogramming into induced pluripotent stem (iPS) cells. Dynamic alterations in DNA methylation and H3K4me1 modifications occur at putative enhancers upon cellular differentiation (14, 15) . Despite their close association, the causal relationship of CG methylation changes and the establishment of cis-regulatory regions are only partially understood. Engagement of CCCTCbinding factor or repressor element-1 silencing transcription factor to specific loci causes local CG hypomethylation, indicating that DNA-binding factors, such as transcription factors, can shape the methylome (16) . Whether CG hypomethylation in turn can influence the formation of enhancer sites and affect cellular differentiation remains unclear, however.
In the present work, we investigated the relationship between CG hypomethylation and potential enhancer formation using primary murine embryonic fibroblasts (MEFs) derived from Lsh −/− or Lsh +/+ embryos (17) . DNA methylation patterns are perturbed in Lsh −/− cells compared with WT cells, and up to 50% cytosine methylation as measured by HPLC analysis is lost in Lsh-deleted tissues (3, 4) . CG methylation reduction does not occur evenly across the genome, but rather occurs at specific genomic locations. Thus, deletion of Lsh results in a DNA methylation mutant mouse that allows comparison of site-specific methylation using cells from the same tissue type and developmental stage. We report here perturbation of H3K4me1 modification at CG hypomethylated sites in KO MEFs that are partly enriched at neuronal lineage genes, maintained on reprogramming, and linked to a propensity of KO iPS cells toward the neuronal lineage.
Significance
Cytosine methylation is an epigenetic mark dynamically regulated during embryogenesis and associated with the establishment of tissue specific enhancers. Despite the close relationship, whether CG hypomethylation can influence enhancer formation and cellular identity remains unclear. Using a DNA methylation mutant mouse model, the Lsh −/− mice with approximately 50% site-specific reduction of CG methylation, we provide evidence for a link between CG hypomethylation and poised enhancers that can acquire functional activity and regulate lineage commitment. Our data suggests a pathway of how alterations in the methylome can influence cellular differentiation.
Results

Association of de novo H3K4me1 Peaks with CG Hypomethylation in
Lsh KO MEFs. The histone modification H3K4me1 is commonly used to identify putative regulatory elements and cell type-specific enhancers (18, 19) . Using chromatin immunoprecipitation sequencing (ChIP-seq), we assessed H3K4me1 modifications in WT and Lsh −/− (KO) MEFs, selecting only H3K4me1 peaks that did not overlap with transcription start sites and H3K4me3 peaks and thereby omitting promoter regions (20) . Using these criteria, we identified approximately 64,870 H3K4me1 peaks in KO MEFs, compared with 57,300 in WT MEFs, indicating a 13% increase in H3K4me1 peak number in KO MEFs over WT MEFs.
We also generated CG methylation maps using whole-genome bisulfite sequencing data in WT MEFs, KO MEFs, and WT ES cells. Whole methylome analysis revealed a reduction of methylated cytosine in KO MEFs that was widespread but locusspecific and not evenly reduced across the genome. De novo H3K4me1 peak formation was evident in genomic regions with profoundly reduced CG methylation in KO MEFs (Fig. 1A) . There was no overall increase in H3K4me1 modification in KO MEFs or of known H3K4 histone methyltransferases or demethylases (SI Appendix, Fig. S8D ), indicating a perturbation of H3K4me1 enrichment based in part on a shift in the distribution of H3K4me1 modification to novel genomic locations.
Validation of KO-H3K4me1 ChIP-seq results by conventional ChIP followed by real-time quantitative PCR analysis (qPCR) confirmed a 2-to 10-fold enrichment in KO MEFs compared with WT MEFs (Fig. 1B) . Using a conventional bisulfite sequencing technique, we examined CG methylation at sequences located within those KO-H3K4me1 peaks and confirmed substantial differences in CG methylation, ranging between 82% and 94% in WT MEFs and between 28% and 59% in KO MEFs (SI Appendix, Fig. S1 A and B) . Despite the difference in DNA methylation, KO MEFs retained CG methylation at some KO-H3K4me1 sites. It is possible that heterogeneity in culture leads to persistence of DNA methylation at sites without H3K4me1 gain, whereas reduced DNA methylation appears at sites with a gain in H3K4me1 modification.
To further explore the relationship between H3K4me1 peak formation and cytosine methylation, we mapped each epigenetic mark around KO-H3K4me1 and WT-H3K4me1 sites ( Fig. 2 A-D) . H3K4me1 enrichment at KO-H3K4me1 peaks was prominent in KO MEFs but undetectable in WT MEFs ( Fig. 2A) . CG methylation at flanking regions (−5 kb to +5 kb) of KO-H3K4me1 peaks was significantly higher in WT MEFs than in KO MEFs (0.82 vs. 0.57) (Fig. 2C) .
In addition, the center region of the KO-H3K4me1 peaks (−200 bp to +200 bp) showed lower CG methylation in KO MEFs compared with WT MEFs (0.51 vs. 0.76). Moreover, the center of the KO-H3K4me1 peaks displayed significantly lower CG methylation than the global KO methylome (ratio, 0.51 vs. 0.55; P <10 -5 ). Thus, the center region of KO-H3K4me1 peaks is methylated in WT MEFs (CG methyl ratio ≥0.76) and significantly reduced in KO MEFs (CG methyl ratio ≤0.51). This indicates a reciprocal relationship between the increased H3K4me1 modification and the reduced CG methylation at specific sites in KO MEFs compared with WT MEFs. It should be noted that the center region of KO-H3K4me1 peaks was lower in WT MEFs compared with the global WT methylome (0.76 vs. 0.80), indicating that these sites are relatively hypomethylated in WT MEFs. In contrast, WT-H3K4me1 peaks showed, as expected, the strongest CG hypomethylation at the center of WTH3K4me1 enrichment ( Fig. 2 B and D) .
Of note, CG methylation ratios differed greatly between KOH3K4me1 and WT-H3K4me1 sites in WT cells, whereas in KO MEFs, CG methylation ratios and H3K4me1 enrichment were comparable at both locations, with a similar inverse pattern of the two epigenetic marks. Interestingly, the center of KOH3K4me1 peaks did not display any dip in CG methylation in WT ES cells and showed greater methylation compared with KO MEFs (0.62 vs. 0.51), suggesting the possibility that these sites may have no functional role in undifferentiated ES cells.
To explore whether H3K4me1 peaks and CG methylation are dynamic and can be restored to the WT state, we reintroduced fulllength WT Lsh in KO MEFs (Fig. 2E ). We observed remethylation at several loci, albeit at lower levels than in WT (Fig. 2F ), perhaps because MEFs have reduced DNMT3a and 3b protein levels compared with ES cells (11) . Nevertheless, H3K4me1 was decreased concomitantly at these sites ( Fig. 2G ) and reduced at many other loci that were differentially enriched for H3K4me1 (Fig. 1B) , indicating that a partial reversion to the WT state is possible. Furthermore, the data reveal dynamic links among Lsh, CG methylation, and H3K4me1 peak formation.
To test whether CG hypomethylation caused by means other than Lsh deletion could alter H3K4me1 formation, we depleted the maintenance methyltransferase DNMT1 (SI Appendix, Fig.  S2 ). Use of siRNA DNMT1 in WT MEFs effectively reduced protein levels of DNMT1 and CG methylation. Several loci (11 of 16) showed significant H3K4me1 enrichment after DNMT1 depletion compared with control cells. The mean increase in H3K4me1 gain in siDNMT1 samples was 2.1-fold, which is lower than the difference between KO MEFs and WT MEFs for those sites (4.6-fold). It is possible that the overall extent of CG methylation reduction in siDNMT1 MEFs was not sufficient to completely mimic the Lsh KO phenotype, given that the CG methylation level in siDNMT1 samples was between that of WT MEFs and KO MEFs (87% in WT MEFs, 58% in siDNMT1, and 46% in KO MEFs). There are other notable differences as well. imprints (1, 21) , and DNMT1 depletion reduces CG methylation throughout the genome, whereas Lsh leads to regional CG hypomethylation. In addition, DNMT1 −/− ES cells undergo apoptosis on differentiation (22) . Nevertheless, the data suggest that at least for a subset of KO-H3K4me1 sites, DNMT1 depletion resulted in H3K4me1 gains, and that these gains occurred at CG hypomethylated sites independent of Lsh modulation.
Association of de novo H3K4me1 Peaks with the Neuronal Lineage
Pathway in Lsh KO MEFs. To explore whether the differentially enriched H3K4me1 peaks were in proximity of genes, we determined genes that were marked by either KO-H3K4me1 or WTH3K4me1 (located at the gene body and 5-kb flanking sequences) (Dataset S1). Only 3,425 of the 7,760 KO-H3K4me1 peaks were mapped to nearest-neighbor genes. A list of 1,939 genes was compiled with a mean of 1.8 KO-H3K4me1 peaks for each gene, and DAVID functional annotation analysis revealed the highest enrichment for Gene Ontology (GO) terms related to the neuron lineage (e.g., synapse, neuron projection) (Dataset S1) and axon guidance (P < 7.8e-10, KEGG pathway). GO analysis of the biological process (Partek Genomics Suite) detected the greatest enrichment of developmental terms with respect to the neural lineage (SI Appendix, Fig. S3 ).
We identified approixmately 150 genes (Dataset S2) belonging to the neural lineage pathway, with an average of three peaks per gene. More than 12% of the KO-H3K4me1 peaks were associated with neural lineage genes, indicating that a subset of KO-H3K4me1-marked genes belong to the neural lineage, and that those genes have higher than average enrichment for KO-H3K4me1.
Neuronal lineage-related genes include Reelin (Reln), which is involved in synapsis formation (23) (Fig. 1A) ; Neuroligin 1 (Nlgn1) (Fig. 1A) , which controls synaptic transmission and hippocampus formation (24); Glutamate Receptor; Ionotropic; Kainate 2 (Grik2); and Rims1 (Regulating synaptic membrane exocytosis 1) (Fig.1B and Dataset S2). Only 2% (n = 3) of such neuronal lineage genes were differentially expressed in KO MEFs (Dataset S2), indicating that H3K4me1 marks were not subsequently determined by gene expression differences, and that a gain of H3K4me1 is not sufficient for derepression of these genes. In addition, several H3K4me1-marked sites lacked H3K27ac (see below), suggesting a poised enhancer state in KO MEFs (18) .
We next examined whether some of the de novo KOH3K4me1 peaks at neuronal lineage genes intersected with cisregulatory sites that are dynamically regulated during development, such as low methylated regions (LMRs) detected during in vitro differentiation of ES cells to neural progenitors (16) or cisregulatory sites identified based on chromatin states in normal murine brain tissues (20) . Although there was no significant overlap of neural lineage gene-associated KO-H3K4me1 peaks with LMRs, we did find substantial overlap with cis-regulatory regions present in normal brain tissue.
The lack of overlap with LMRs may be related to differences in the differentiation protocol or to the use of iPS cells instead of ES cells, leading to variability in neuronal precursor proportions and/or greater variability in enhancer formation. In addition, not all LMRs coincide completely with H3K4me1 modifications, and detection of H3K4me1 modifications as used in this study and in previous studies (20) of 427 peaks) of de novo KO-H3K4me1 peaks that marked neuronal lineage genes overlapped with cis-regulatory elements present in diverse brain tissues (20) ; for example, several KOH3K4me1 peaks overlapped with enhancer marks present in cortex, cerebellum, and fetal brain (SI Appendix, Fig. S4 ). This finding suggests a potential regulatory role for some KOH3K4me1 sites in the neuronal lineage pathway.
H3K4me1-Enriched Sites in KO iPS Cells and Neuronal Gene Expres-
sion. To test whether some of the KO-H3K4me1-marked sites could become functionally active and serve as enhancers in a neurologic environment, we generated iPS cells that were subsequently challenged to the neuronal lineage pathway. Three sets of iPS clones were derived from independently derived KO MEFs and WT MEFs using a direct reprogramming approach (SI Appendix, Fig. S5 ). WT and KO iPS clones expressed similar levels of Oct4, Nanog, Sox2, and SSEA-1; were positive for alkaline phosphatase; and showed CG hypomethylation at the Oct4 promoter region. Thus, based on criteria commonly applied for generating iPS cells in vitro, both WT iPS and KO iPS cells manifested characteristics of pluripotency after reprogramming.
To evaluate the differentiation potential toward the neuron lineage, we aggregated KO and WT iPS cells to form embryoid bodies and treated these bodies with retinoic acid (RA), conditions that favor neural lineage differentiation (Fig. 3A) . Using this protocol, we observed an accelerated appearance of cells with neuronal characteristics in KO iPS cultures. After 2 d of RA treatment, KO iPS cells showed increased mRNA expression of several transcription factors that are highly expressed in neuronal progenitor cells (25) (Fig. 3B) . After 4 d, KO iPS cells showed enhanced generation of neuronal marker beta-III tubulin (Tubb3/Tuj1), NeuN, Map2, and Olig2 compared with WT iPS cells (Fig. 3C ). In addition, we observed augmented neural arborization in three sets of independently derived KO MEFs compared with iPS cells derived from WT MEFs (SI Appendix, Fig. S6 A and B) , suggesting that iPS cells derived from CG hypomethylated KO MEFs are prone to enhanced development of neuronal markers during in vitro differentiation.
To explore whether KO iPS cells also have an enhanced differentiation potential toward the neural lineage in vivo, we injected three sets of independently derived KO iPS and WT iPS cells into immunocompromised mice for teratoma formation. Although teratoma size varied (SI Appendix, Fig. S6C ), quantitative mRNA expression of genes specific for neuronal progenitors was significantly higher in samples derived from different KO iPS clones than in samples derived from WT iPS clones (SI Appendix, Fig. S7A ). In addition, teratomas derived from KO iPS cells had greater numbers of Tubb3-expressing cells compared with WT iPS cell-derived teratomas of the same size and stage (SI Appendix, Fig. S7 B and C) , indicating that KO iPS cells maintained their propensity toward the neural lineage during in vivo differentiation.
We performed an mRNA analysis to investigate whether KOH3K4me1 marks that are prevalent at specific neuronal lineage genes in KO MEFs are associated with enhanced gene expression in KO iPS cells (Fig. 4A) . Uninduced iPS cells showed very little mRNA, and the transcript levels of WT and KO iPS cells were indistinguishable. On differentiation, genes were induced in three independently derived WT and KO iPS clones, but showed greatly increased expression in KO iPS cells, ranging from 2-fold to 10-fold above the levels in WT iPS cells. Thus, neuronal lineage genes that were premarked with H3K4me1 in KO MEFs demonstrated a propensity for increased expression on neuronal differentiation of KO iPS cells.
Maintenance of Epigenetic Marks in KO iPS Cells.
To further investigate the molecular mechanisms in KO iPS cells that lead to accelerated neuronal gene expression, we examined whether KO-H3K4me1 marks at neuronal lineage genes were preserved after reprogramming. We examined 24 H3K4me1 sites and found that at 23 sites, H3K4me1 was higher in KO iPS cells compared with WT iPS cells, albeit at lower levels than in MEFs (Fig. 4B) , suggesting that this histone modification had resisted reprogramming to some degree.
We next asked whether differential CG methylation patterns had been maintained at some of the KO-H3K4me1-marked sites, considering that incomplete demethylation using direct reprogramming with transcription factors has been reported and is associated with the propensity to differentiate into the donor cells (26) . Using bisulfite sequencing, we observed differential CG methylation in KO iPS cells compared with WT iPS cells (Fig. 4C) , resembling the differences seen in WT and KO MEFs (SI Appendix, Fig. S1A ), albeit the CG methylation level were lower in WT and KO samples after reprogramming. Taken together, our data suggest a partial preservation of both epigenetic states throughout reprogramming.
Enhancer Activity of KO-H3K4me1-Enriched Sites. To explore whether the poised KO-H3K4me1 sites seen to partially overlap with enhancers present in brain tissue could indeed switch to an active enhancer state on neuronal differentiation in vitro, we examined the acquisition of H3K27ac, which is considered indicative for functionally active enhancers (20) . We examined the sites in those genes that showed increased expression on differentiation in KO iPS cells. MEFs and uninduced iPS cells showed little H3K27ac modification (Fig. 5A, 1-5 ), consistent with low or undetectable mRNA expression. Of note, after RA treatment, differentiated iPS cells showed increased H3K27ac enrichment at H3K4me1-premarked sites (Fig. 5A, 1-14) . Fourteen of the 24 H3K4me1 sites examined showed H3K27ac enrichment, suggesting that at least a fraction (∼60%) of premarked H3K4me1 sites acquired histone acetylation on induction and may function as enhancers in the expression of neuronal lineage genes.
We then subcloned several fragments containing sequences enriched for H3K4me1 and H3K27ac and tested them in a reporter assay. Although MEFs showed no activity and HeLa cells demonstrated activity of some fragments, all tested fragments showed enhancer activity in the neural cell line Neuro-2A (Fig.  5B) . KO-H3K4me1-enriched sites were present in normal development, acquired H3K27ac, and showed enhancer activity in a neural cell line, suggesting that KO-H3K4me1 sites may act as functional enhancers on differentiation into the neuronal lineage.
Transcription Factor Binding at H3K4me1-Enriched Sites. To investigate the molecular mechanisms in more depth, we performed motif analysis of KO-H3K4me1 sequences at genes with increased expression on differentiation in KO iPS cells. We identified several motifs that could potentially bind transcription factors (TFs) that are present in MEFs but also perform specific roles in neuronal differentiation (Dataset S3). We hypothesized that those TFs are equally expressed in WT and KO MEFs, but may engage differently in the hypomethylated KO genome at KO-H3K4me1 sites. We screened approximately 60 projected binding sites, given the limited capability of motif analysis to predict actual TF binding. At 10 sites, we found specific TF occupancy, along with enrichment of those TFs in KO MEFs (SI Appendix, Fig. S8 A and B) . These TFs included Zic1, which is expressed in mesenchymal and neuronal cells during embryogenesis and plays a role in cerebellar development (27) ; MafB (Kreisler), which is required for hindbrain development (28); Ets1, which has a role in cranial neural crest formation (29) ; and YY1, which is involved in the regulation of myelination (30) . Protein levels of these TFs were comparable in WT and KO MEFs, consistent with our mRNA analysis, suggesting that the differential occupancy of these TFs at KO-H3K4me1 sites was not simply related to differing amounts of TF proteins. Finally, we examined TF occupancy at some WT-H3K4me1 sites that showed decreased H3K4me1 peaks in KO MEFs but similar enrichment for several of the same TF motifs. We observed a reciprocal binding pattern, with higher TF occupancy in WT MEFs than in KO MEFs (SI Appendix, Fig. S8C ), suggesting a redistribution of some TFs from WT-H3K4me1 sites to de novo H3K4me1 peaks in the CG hypomethylated KO MEF genome.
Discussion
Here we report a causal link among Lsh deletion, CG hypomethylation, and perturbed H3K4me1 distribution in KO MEFs, and provide evidence of functional enhancer activity of de novo H3K4me1 peaks in the neuronal lineages. Both epigenetic marks (differential H3K4me1 enrichment and CG hypomethylation) are partially maintained throughout reprogramming, and are associated with increased H3K27ac acquisition and increased mRNA levels. In this way, Lsh-mediated CG methylation can modulate gene activity and influence lineage commitment.
We found a tendency toward neuronal lineage gene expression of KO iPS cells compared with WT iPS cells when challenged to the neuronal pathway. The greatest enrichment for GO analysis revealed conditions for neural development and approximately 12% of gene-associated KO-H3K4me1 peaks clustered at neural lineage genes. However, the list of KO-H3K4me1-marked genes (Dataset S1) also contains many non-neuron lineage-related genes that show low enrichment for GO terms associated with mesodermderived lineages (e.g., glomerular basement, gonad, cardiac muscle, smooth muscle, vasculature, ureteric) (SI Appendix, Fig. S3 ).
To examine whether Lsh deletion leads only to an increased propensity for iPS cells along the neuronal pathway or may efficiently differentiate toward other pathways as well, we challenged Lsh −/− iPS cells into the mesoderm lineage (SI Appendix, Fig. S9 A-C) . We found that several markers were equally expressed in KO iPS and WT iPS cells; for example, mRNA expression for mesoderm genes Brachyury, Meox1, and Des was similar in two WT iPS clones and two KO iPS clones, and expression of the mesoderm marker FLK1 was comparable based on FACS analysis. In addition, the development of mesoderm progenies, such as osteoblast-like cells and chondrocyte-like cells, was similar in KO iPS and WT iPS cells, as detected on suitable staining (alizarin red and alcian blue, respectively) (SI Appendix ,  Fig. S10) ; thus, we have found no evidence of altered mesoderm differentiation potential. On the other hand, endoderm differentiation revealed increased endoderm marker mRNA expression (Sox17, Gsc, Mixl1) (SI Appendix, Fig. S9 D-F) . Our finding of comparable expression of endoderm cell surface marker CXCR4 (as measured by FACS analysis) in KO iPS and WT iPS cells may suggest that despite the increased expression of some early endoderm markers, the definitive endoderm phenotype of KO iPS cells is not significantly affected. It will be exciting to investigate whether the generation of endoderm derivatives in culture (e.g., pancreatic cells, hepatocytes, thyrocytes, lung) is enhanced in KO iPS cells compared with WT iPS cells. In addition, transdifferentiation of MEFs with ectopically expressed TFs may be done to directly assess the full plastic potential of Lsh −/− MEFs. Based on our preliminary studies, CG hypomethylation and increased H3K4me1 modification in Lsh −/− cells may be associated with perturbation of other lineage commitments as well.
We hypothesize that differential occupancy of TFs may represent a molecular mechanism whereby H3K4me1 perturbation may arise at CG hypomethylated sites. In this model, neuronal lineage enhancers may be methylated and "masked" in WT MEFs, but unmasked in the CG hypomethylated genome of KO MEFs, leading to a new equilibrium of TF occupancy. Consistent with this model, we observed differential engagement of a few TFs at KO-H3K4me1 sites in KO MEFs compared with WT MEFs. The TFs were selected because they are expressed in MEFs, and previous studies have demonstrated a role in neural development. Thus, we hypothesize that these TFs may play a role in the expression of neural genes or, alternatively, may be replaced by neuron-specific factors at later stages of neuron differentiation. The differential enrichment of TFs may lead to differential recruitment of H3K4 methyltransferases, such as Setd7 or Mll5, or of H3K4 demethylases, such as Lsd1 (31, 32) . Several mechanisms can be envisioned that may lead to differential TF engagement at CG hypomethylated sites. Some TFs can be directly affected by CG methylation (14, (33) (34) (35) (36) (37) (38) (39) , whereas others are affected indirectly via association with ternary complexes, in which only one TF may be directly affected by CG methylation (36) . In addition, chromatin structure or nucleosomal positioning may be altered at CG hypomethylated sites and thus indirectly influence TF occupancy (40, 41) .
Our data indicate that CG hypomethylation influences enhancer formation and thus can affect cellular plasticity. Our results are relevant for regenerative medicine, underscoring the importance of complete reprogramming and resetting of CG methylation patterns to avoid predilection toward a specific tissue. Furthermore, human pathological conditions that involve CG hypomethylation, including cancer, inflammation, and aging, may develop poised enhancers that could switch to an active state on a specific environmental challenge and thus affect cellular identity. Further elucidation of the associations among CG methylation, TF binding, and enhancer formation, and exploration of their role in human diseases, are needed.
Materials and Methods
WT (Lsh
+/+
) and KO (Lsh −/− ) MEFs were maintained in DMEM supplemented with 10% (vol/vol) FBS (Gibco), 2 mM Glutamax (Invitrogen), and 1% penicillin and streptomycin (Invitrogen). Before differentiation, mouse iPS cells were cultured on gelatin-coated plates and maintained in Knockout DMEM supplemented with 15% (vol/vol) Knockout serum replacement (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma-Aldrich), 0.1 mM MEM nonessential amino acid (Invitrogen), 2 mM Glutamax (Invitrogen), 1% penicillin-streptomycin (Invitrogen), and 1,000 U/ ml of leukemia inhibitory factor (Millipore).
Neuronal differentiation was performed using a modified version of the Mouse Embryonic Stem Cell Neurogenesis Kit (Millipore). In brief, iPS cells were dissociated with accutase, plated onto ultra-low-attachment six-well plates at 5 × 10 5 cells/well, and cultured in embryonic body (EB) formation medium for 3 d. The culture medium was changed to EB formation medium containing 1.5 μM RA for another 3 d. The EBs were dissociated with accutase, then plated onto 50 μg/mL poly-L-ornithine solution (Sigma-Aldrich) and 5 μg/mL laminincoated (BD Bioscience) six-well plates or chamber slides (Ibidi). Medium was exchanged with fresh EB formation medium every 2 d for a total of 8 d.
Detailed descriptions of the experiments and computational analyses are provided in SI Appendix.
